A stretchable magnetorheological material (SMRM) consisting of micro-meter carbonyl iron (CI) particles, low cross-linking polyurethane (PU) polymer and porous PU sponge has been developed. Due to the presence of the PU sponge, the high-performance MR material can be reversibly stretched or bent, just as MR elastomers. When the CI content increases to 80 wt%, the magnetic induced modulus of the MR material can reach as high as 7.34 MPa and the corresponding relative MR effect increases to 820%. A possible strengthening mechanism of the SMRM was proposed. The attractive mechanical properties make the SMRM a promising candidate for future high-performance devices.
Introduction
Flexible, highly sensitive, quick-responding, and environmentally friendly magnetorheological (MR) materials are highly desired in future generations of shock absorption and noise reduction devices, such as the adaptive tuned vibration absorbers, mass dampers, sensors, actuators, base isolator, etc [1] [2] [3] [4] [5] . The MR materials are classified into MR elastomers [6] , MR foams [7] , MR fluids [8] , MR gels [9] , and so on. Traditional MR fluids and MR gels are flexible, but have the problems of particle deposition, environmental contamination, sealing, etc [10] [11] [12] . The MR elastomers were developed by fixing the carbonyl iron (CI) particles in the polymer matrix to avoid particle deposition and sealing. However, the CI particles in the matrix are hard to move while applying an external magnetic field. As a result, it is difficult to obtain MR elastomers with a high magnetic-induced modulus and MR effect. MR plastomer [13, 14] , a newly developed MR material, has been paid great attention owing to its specific properties, including feasible preparation, flexibility, high magnetic-induced modulus, and high MR effect. Unfortunately, the strain generated by the active materials during the stretch or bend cannot exceed the levels of induced fracture limits and the shape cannot recover after deformation. As a result, a much more challenging device that can flex, stretch, or randomly bend like MR elastomers but with a much higher MR performance is urgently needed.
Recently, three-dimensional (3D) material such as porous sponge and foam works as a scaffold has been introduced to the smart material to enhance the mechanical properties [15] [16] [17] [18] [19] [20] [21] [22] . In these novel 3D structured functional materials, the interconnected bone structure can work as a skeleton to maintain elasticity and withstand the tensile stress. For example, Jeong et al [23] prepared a high-performance electrode by electroplating noble metal on 3D porous polydimethylsiloxane (PDMS) that was fabricated by applying pressurized steam to an uncured PDMS surface. The 3D porous PDMS supported the electroplated metal stably while randomly stretching. Yao et al [24] designed a pressure sensor by coating the 3D porous polyurethane (PU) sponge with a thin layer of conductive graphene. The sponge works as a bendable, elastic, and perfect beam and can be reversibly pressed for thousands of times. Similarly, by wrapping AgNWs (silver nanowires) on a micro-scale PU sponge scaffold [25] , a binary composite with typical flexibility, stretchability, and stress-dependent conductivity can be successfully obtained. Clearly, this kind of 3D matrix works as a bone structure that can integrate the separate section into cohesive and interactive devices.
3D material also can be utilized in preparing MR materials due to its unique properties. Foam devices with constrained MR fluid in a porous matrix such as a sponge, opencelled foam, felt, or fabric have been developed [10] . Under the magnetic field, the matrix can keep the MR fluid located in the active region of the devices. Scarpa et al [26] reported a novel class of auxetic rigid PU MR foam by coating a PU sponge with MR fluid. An auxetic solid expands in all directions when pulled in only one, thus behaving in an opposite manner compared to 'classical' solids. Gong et al [7] oriented the CI particles in the liquid polyol to form a chainlike structure by using an external magnetic field, and then the chain-like structures were fixed in the PU foam after the in situ polymerization. The maximum magnetic-induced modulus of the anisotropic porous MR foam was 1.07 MPa and the relative MR effect was 27.1%. To our knowledge, these newly developed flexible MR materials containing a 3D network present possibilities in absorber and sensor, but their low magnetic-induced modulus and MR effect limit their practical application.
In this work, a novel high-performance stretchable magnetorheological material (SMRM) was reported by interpreting a low cross-linking PU-based MR plastomer into the pores of a commercial low-density PU sponge. The geometrical characteristics can significantly affect the stress distribution in the fiber/matrix composites [27] . So the PU sponge works as a skeleton to reinforce the MR plastomer and the as-prepared SMRM exhibits high MR effects than the traditional MREs (magnetorheological elastomers) and MR plastomers. Due to the presence of the elastic micro-meter scale, interconnected, and porous PU sponge, this novel MR material exhibits stretchable, flexible, and elastic characteristics. The main contribution of this work is to experimentally investigate the magnetorheological response of the SMRM for possible application in vibration absorbers, mass dampers, actuators, base isolators, etc. Both the magnetic-induced modulus and the loss factor, which are the most important factors for good actuators and dampers, are presented in this technical note.
Experimental

Raw materials
Toluene diisocyanate (TDI; 2,4 ≈ 80%, 2,6 ≈ 20%) and polypropylene glycol (PPG-2000, Mn = 2000) purchased from Anhui Anda Huatai Xincailiao Co., Ltd, China were selected as the main reagents. 1, 4-butanediol (BDO) purchased from Sinopharm Chemical Reagent Co., Ltd China, was used as chain extender. The magnetic particles were CI particles (type CN) provided by BASF in Germany with an approximate size of 7 μm. The VSM (vibrating sample magnetometer) data of CI particles was shown in figure 1 . The values of the saturation magnetization and coercivity were 207.34 emu g −1 and 0.09 A M −1 , respectively. Therefore, the CI particles exhibited a typical soft magnetic characteristic. The magnetization of CI particles increased as the magnetic field became stronger. A commercially available low-density PU sponge with 3D-interconnected microfiber networks was used as a skeleton to construct the stretchable PU sponge-reinforced MR composite. The apparent core density of the sponge was 16.56 kg m −3 , which was tested according to GB/T 6343-2009. The total volume of the pores of the neat sponge is 91.2%, and the apparent volume of the sponge V a was tested according to GB/T 6342-1996. The volume of the sponge filament V f was achieved by inserting the sponge into the alcohol in a measuring cylinder. The total volume of the pores of the neat sponge is (V a -V f )/ V a .
Sample preparation
The preparation of SMRM was composed of three steps. First, uncross-linking PU was prepared by homogeneously mixing TDI and PPG in a 250-mL, three-necked, round-bottom flask with a stirrer, agitating for 2 h at 80°C. BDO was added after cooling down the reaction system below 40°C. Then, the low-cross-linking PU was transferred into a beaker and the CI particles were added into the precursor by vigorously stirring until the polymer and iron particles were well mixed. In this work, the weight content of the CI particles according to the PU varied from 40 wt% to 60 wt%, 70 wt%, and 80 wt%. Finally, the PU sponge, which was cut into pieces with a diameter of 20 mm and 1 mm in thickness, was totally dipped into the PU-CI mixture. After incorporating with the PU sponge, the CI content of the SMRM sample turned into 39.7%, 59.7%, 69.8%, and 79.8%, respectively. The lowdensity PU sponge was about 0.005 g for each piece. The mass of the sponge had been calculated in the CI content calculation and regarded the CI content of SMRM as 40%, 50%, 60%, and 70% as well in the following work. Owing to the unique micro-meter scale, interconnected, and porous structure, the PU sponge was infiltrated with the MR precursor under capillary forces. The PU sponge turned black because the holes of the sponge were filled with the PU-CI precursor. After the sample was placed at room temperature for 72 h, SMRM was successfully achieved. The size of the final SMRM is the same as the PU sponge, with 20 mm in diameter and 1 mm in thickness. By way of contrast, the samples without the PU sponge were also prepared to investigate the strengthening effects.
Properties characterization
The microstructure of the SMRM was observed by an environmental scanning electron microscope (SEM, Philips of Holland, model XT30 ESEM-MP). The accelerating voltage was 20 KV. A thin layer of gold was coated on the transection of the sample. The microstructure of the PU sponge and the SMRM was studied.
In order to have a better application in shock absorption and noise reduction devices, dynamic properties of the samples were characterized by a commercial rheometer (Physica MCR 301, Anton Paar Co., Austria). The sample was placed between the paralleled rotating disc and the base. The current applied to the electromagnetic coil generated a magnetic field. The magnetic field strength was controlled by the magnitude of the electric current. The direction of the magnetic field was paralleled with the thickness of the sample. A pre-pressure was exerted on the sample to prevent the sample from sliding on the disk. The test was in shear oscillation mode. The shear strain amplitude was 0.1% (making sure the testing data falls in the linear viscoelastic region) and the frequency was 5 Hz. The temperature was controlled by circulating water set at 25°C. The magnetic field strength sweep was from 0 mT to 1000 mT.
The tensile strength was tested by Material Test System (MTS) (MTS criterion 43, MTS System Co., America). The sample was cut into 2 mm × 30 mm × 60 mm pieces, and the test area was 2 mm × 30 mm × 40 mm. The sample was held by a clamp, and the stretching rate was 1 mm min −1 .
Results and discussion
Synthesis and microstructure of SMRM
As soon as the low-cross-linking PU was achieved, the CI particles were introduced and mixed homogeneously. Then, the precursor was integrated into the PU sponge skeleton to construct the SMRM. Owing to the unique macro-porous structure, each micro-hole of the sponge was fully filled with the PU-CI precursor, and the whole sample turned black ( figure 2(a) ). Because of the high stability and elasticity, the final SMRM exhibited much better mechanical properties than conventional MRPs and MREs. In the absence of the magnetic field, the CI particles spread homogeneously in the matrix and no particle aggregation was clearly found in the optical microscope images (figures 2(b)~(f)). When an external magnetic field was applied to the samples, the CI particles began to move and formed a linear structure ( figure 2(c) ) along the direction of the magnetic field. The schematic mechanism of the stretchable composite MR materials was shown in figure 2(g) . The SEM was used to investigate the microstructure of the PU sponge bone structure and the SMRM. The PU sponge is a 3D porous network, and the pores interconnect with each other ( figure 3(a) ). The width of interconnected channels ( figure 3(b) ) generally ranges from 30 μm to 60 μm. The matrix formed by the PU precursor and PU sponge is shown in figure 3(c) . It is hard to distinguish the PU sponge from the PU precursor, as they were well combined together. The cutting surface is rough and bumpy. The CI particles are dispersed homogeneously in the polymer matrix ( figure 3(d) ), so it is hard to distinguish the PU sponge from the SMRM. Because the CI particles are movable in the PU matrix, the relative MR effect of this kind of SMRM is higher than MREs.
Dynamic properties of the SMRM
It is feasible to tune the dynamic properties of the SMRM by controlling the content of the CI particles in the PU-CI precursor. Here we introduce four kinds of CI weight fraction SMRMs: 40 wt%, 60 wt%, 70 wt%, and 80 wt%. The dynamic properties are mainly characterized by shear storage modulus (G′) and loss factor. The relationship between G′ and magnetic field strength of the SMRM is shown in figure 4 . For G′ of SMRM, it shows an increasing tendency and approaches a maximum value with the increase of the magnetic field, similar to the conventional MREs. The CI content exhibits a great impact on G′ of SMRM. The G′ increases as the CI content increases. By varying the CI particle content from 0 wt% to 40 wt%, 60 wt%, 70 wt%, and 80 wt%, the zero field modulus (G 0 ) of SMRM changes from 0.04 to 0.21, 0.23, 0.30, and 0.90 MPa, respectively, which indicates the CI particles strengthen the matrix. On the other hand, by increasing the CI content, the distance between the CI particles reduces; thus, the strong dipole-dipole interaction among the adjacent magnetic particles leads to the formation of robust CI columns [28] . As a result, the magnetic saturation modulus (G max ) of the composite MR materials is saturated at 0.04, 3.72, 5.72, 6.19, and 8.24 MPa, respectively. Loss modulus (G′′) of the samples was also investigated. From figure 4 , it can be found that G′′ increases as the magnetic field strength increases within 100 mT. When the magnetic field is applied, the CI particles are reassembled, and this led to the increase of energy dissipation. However, if the magnetic field is increased from 100 to 500 mT, the change of G′′ reversed because the sample with the higher CI content was realigned. From 500 to 1000 mT, G′′decreases as the magnetic field increases. The thinner linear structure with lower CI particles are easily destroyed by the shear stress and then realign quickly under the magnetic field. The sliding friction between the CI particles and the matrix was much larger than the stronger linear structure with more CI particles, so more energy was dissipated.
The ΔG increases with the CI content (table 1), while the MR effects decrease gradually. For example, by increasing the CI content from 60 wt% to 70 wt%, 80 wt%, the MR effect decreases from 2373% to 1980%, 820%. The higher CI content leads to the higher G 0 ; thus, the MR effect decreases in response to CI content. With a low CI content, the CI particles have good movability in matrix and they can move easily between the holes of the PU sponge under the magnetic field. If the CI content is higher, the CI particles are restricted in the holes due to the friction. The bone of the PU sponge can help prevent the linear structure from breaking down, so the SMRM possesses high ΔG.
The MRPs, by contrast, show a high MR effect, and the ΔG can reach as high as 6.25 MPa (table 2) when the CI content is 80%. After introducing the PU sponge as a scaffold, the sponge strengthens the composite material. The sponge and the plastic PU have a good compatibility and work well as a single matrix ( figure 3(c) ) because both are made of PU. The CI particles in the matrix formed in linear structures ( figure 2(c) ) when an external magnetic field is exerted. The sponge then helps support the linear structure and prevents it from breaking down when a shear force is applied. So the composite MR material possesses a much higher MR effect and the magnetic-induced modulus can reach as high as 7.34 MPa when the CI content is 80%. Since the PU sponge is elastic, it helps the sample recover quickly from deformation.
The loss factor of the SMRM is shown in figure 5 . The change of loss factor shows two stages: the sharper down stage, when the CI particles quickly arrange into a linear structure under the external magnetic field, and the flat stage, when they are saturated. In the first stage, the energy dissipation mainly comes from the sliding friction between the PU matrix and the CI particles. The CI particles moved fast to align under the magnetic field, and the relative displacement between CI particles is huge. As the linear structure becomes clearer and stronger, the relative displacement becomes smaller. So the loss factor presents a sharper down stage. On the second stage, all the CI particles are saturated, the linear structure is stable, and the CI particles can hardly move. The energy dissipation mainly comes from the movement of soft segments in the PU matrix. The loss factor of the neat matrix shows a constant value of 0.29. If the CI content is higher, the soft segments are separated by the CI particles; thus, the interaction between the segments becomes weaker. As a result, the sliding friction between the soft segments decreases. The damping of the composite MR materials with the CI particle content of 40 wt%, 60 wt%, 70 wt%, and 80 wt% is 0.25, 0.14, 0.08, and 0.03, respectively. Clearly, as the CI content increases, the impact factor decreases.
To further investigate the working mechanism of this novel SMRM, a binary network model is proposed in figure 6 . The model illustrates the shape deformation and the recovery mechanism of the high-performance composite MR materials. As shown in figure 6, shape deformation was generated when a tensile stress was applied on the sample. The PU sponge elongated in the direction of stress and shrank perpendicular to the stress direction ( figure 6(d) ). After the stress was released, the SMRM completely recovered to its original shape within 30 seconds because of the shrinkage of the PU sponge. However, the contrast MRP cannot sustain a fixed shape. It can be seen from figure 6(c) that the sample can hardly recover after the shape deformation. Thus, the SMRM will hopefully replace MREs in vibration control devices. The flexibility of the matrix contributes to the high magnetic-induced modulus and MR effect, while shape recovery due to the shrinkage of the PU sponge expands the use of new composite MR materials in many aspects. Figure 7 shows the tensile strength of the sample with 70 wt% CI. The sample can be easily stretched and bent by using MTS. When the strain ranges from 0% to 25%, the strain-stress curve presents a straight line, so the sample is suffering an elastic deformation. It can be found that the sample was a typically elastic composite. From 25% to 32%, the sample suffered plastic deformation, which means the sample was broken down after elastic deformation. Finally, the sample was destroyed by the tensile stress.
The shear storage modulus of the SMRM and the contrast MRP were studied carefully to show the influence of the PU sponge on the composite material ( figure 8(a) ). When CI content is 80 wt%, ΔG of the SMRM and contrast MRP are 7.34 MPa and 6.25 MPa (table 2) . A good MR material must have a high magnetic-induced modulus, so the G′ should change in a wide range. The results show that the composite MR material has a much better mechanical property than the contrast MRP. The elastic PU sponge can help support the linear structure and prevent it from breaking down while applying a shear stress on the MR material. Therefore, the PU sponges contribute to a stronger linear structure, which can bear a larger shear force. Because the PU sponge strengthens the sample and increases the G 0 , the MR effect of the SMRM (820%) is a little smaller than the contrast MRP (912%). However, the PU sponge has a huge impact on G′ of the samples, the G max of SMRM can reach as high as 8.24 MPa when the PU sponge is introduced. To this end, it is predicted that the SMRM will have a wider application. Figure 9 illustrates the working mechanism of the SMRM. From the image, we can see that the CI particles spread homogeneously in the matrix and they will quickly form a linear structure under the magnetic field. The PU sponge stretched in the direction of the linear structure under the magnetic field strength, so the bone perpendicular to the linear structure was pulled taut. The pulled taut bone structure can hardly shift because the sponge was a 3D network. When a shear force was applied on the sample, the linear structure suffered a deformation before yielding. At the same time, the bone structure helps prevent the linear structure from breaking down. The sponge significantly affects the stress distribution in the SMRM while sustaining a shear stress. As a result, the PU sponge can help support the linear structure and increase the shear storage modulus.
The influence of the PU sponge on the loss factor of the SMRM and the contrast MRP were also studied carefully ( figure 8(b) ). The loss factor curve of the composite MR material is quite similar to the MRP. The PU sponge has little influence on the damping property of the same magnetic field because both the sponge and soft plastic PU are made of PU. The loss factor of the SMRM is slightly lower than that of the MRP because the energy dissipation mainly comes from the segment movement of the matrix. Since the cross-linking degree of the sponge is much better than the soft plastic PU, the movement of the segment in the sponge is harder than in the matrix. As a result, the sample with the PU sponge shows a slightly lower loss factor than does the contrast MRP.
In this work ( figure 10 ), the SMRM was tested under different temperatures to study the temperature dependency of the mechanical properties. It can be observed that the G′ decreases as temperature increases. The PU is a sort of temperature-dependent viscoelastic material, and it will become softer by increasing the temperature; thus, the G′ decreases with temperature. The temperature has little effect on ΔG because ΔG is mainly caused by the dipole-dipole interaction induced by the magnetic field. Figure 10 (b) shows the damping property of SMRM under different magnetic fields, which indicates the loss factor decreases as the temperature increases. When the magnetic field strength exceeds 200 mT, the loss factor curves of the SMRM with different CI content are quite similar. When increasing the temperature, the plastic PUs become soft; thus, the CI particles tend to move easier in the matrix and then the sliding friction between the CI particles and the matrix decreases. Based on this analysis, it can be found that the loss factor became smaller in the second stage when increasing the temperature.
Conclusions
This work demonstrated a novel high-performance MR material in which the stretchable 3D PU sponge was first applied as the matrix to strengthen the PU-CI plastomer. The magneticinduced modulus of the composite MR material is 7.34 MPa, which is much higher than the MRP. The MR effect can reach as high as 820% when the CI particle content is 80 wt%. The CI particles spread homogeneously in the matrix, and nearly no particle aggregation can found in the matrix. The loss factor finally reduces to as low as 0.03 when the CI particles reach a steady state under the magnetic field, which is much lower than the MREs. In comparison to traditional MR materials, the new SMRM shows flexible, stretchable, and randomly bendable properties; unique damping property; and high magneto-sensitivity under the magnetic field, which would widen the application of MR materials.
